Introduction and hypothesis We compared two hypotheses as to why obesity is associated with stress urinary incontinence (SUI): (1) obesity increases demand on the continence system (e.g. higher cough pressure) and (2) obesity compromises urethral function and urethrovaginal support. Methods A secondary analysis was performed using data from a case-control study of SUI in women. Measurements of urethrovaginal support (POP-Q point Aa, urethral axis), urethral function (maximal urethral closure pressure, MUCP), and measures of continence system demand (intravesical pressures at rest and during maximal cough) were analyzed. Cases and controls were divided into three body mass index (BMI) groups: normal (18.5-24.9 kg/m 2 ); overweight (25.0-29.9 kg/m 2 ); and obese (≥30 kg/m 2 ). Logistic regression models where created to investigate variables related to SUI for each BMI group. Structural equation modeling was used to test the direct and indirect relationships among BMI, SUI, maximal cough pressure, MUCP, and POP-Q point Aa.
Introduction
Stress urinary incontinence (SUI) and obesity are both common conditions that impact quality of life. Between 2011 and 2012, approximately 66% of adult women ≥20 years of age in the United States were overweight or obese (body mass index, BMI, ≥25.0 kg/m 2 ) [1] . Nearly one in five women is estimated to have urinary incontinence [2] , with SUI being the most common type [3] . It is well established that obesity is associated with an increase in the prevalence and severity of SUI [4, 5] . For each five-unit increase in BMI, there is a 10% increased odds of SUI [6] , so that among women with a BMI ≥40 kg/m 2 , the prevalence of SUI is nearly 70% [7] . We know that weight loss is associated with improvement in SUI symptoms. There is level 1 evidence showing that overweight and obese women who lose 5-10% of their weight experience an approximately 70% reduction in SUI episodes [8] . However, while the relationship between obesity and SUI is well-described, the exact mechanism of action is not known.
Stress incontinence may result from any of the following three factors: (1) compromised urethral function, (2) damage to urethrovaginal support, or (3) increased abdominal pressure that places greater demand on the continence system. In the Research on Stress incontinence Etiology (ROSE) study, we compared continent controls with stress incontinent women and determined that urethral function, as measured by maximal urethral closure pressure (MUCP), was the factor most strongly associated with SUI and that urethral support plays a less important role [9] . BMI was also found to be an independent predictor of SUI. However, the complex relationship between obesity and the various components of the continence mechanism has not been fully delineated.
Using data from the ROSE study, we performed a secondary analysis to measure the impact of BMI on the continence mechanism. Specifically, we sought to test two competing hypotheses concerning the mechanism by which obesity may cause SUI: (1) obesity increases demand on an otherwise normal continence system (e.g. higher cough pressure), and (2) obesity compromises urethral function and urethrovaginal support.
Materials and methods
This study was a secondary analysis of an IRB-approved case-control study of women with SUI (HUM00043944). The detailed methodology has been described by DeLancey et al. [9] , and is briefly reviewed here. Women with daily demonstrable stress incontinence were recruited along with a group of asymptomatic controls from the community who were chosen to be of similar age, race, parity, and hysterectomy status. All participants underwent a clinical examination and completed a 3-day voiding diary and structured symptom questionnaire. Demographic data, as well as medical and surgical history, were also obtained. Stress-incontinent women met all of the following criteria: (1) answered Byes^to the question BDo you currently experience urine leakage with cough, sneeze, laugh, lift, or exercise on a daily basis?^; (2) demonstrated a minimum of one SUI episode on at least 2 out of the 3 days of the voiding diary; and (3) had a positive stress test with 300 mL in the bladder. Controls (continent women) met the following criteria: (1) fewer than six episodes of incontinence in the last 12 months; (2) no urinary leakage on a 3-day voiding diary; and (3) a negative stress test with 300 mL in the bladder. Women who reported symptoms of urgency incontinence were included as cases only if the stress component was their predominant incontinence symptom and they met the other study criteria.
Clinical examination consisted of a standardized POP-Q examination and urodynamic testing. Assessment of levator ani muscle function using an instrumented speculum that measures force in newtons generated at rest and during maximal voluntary contraction was also performed, and has been previously presented [9] . Urodynamic testing was performed with 300 mL of normal saline in the bladder. Parameters collected included: intravesical pressure at rest and during maximal cough, cough leak point pressure (LPP), MUCP profile, and uroflow testing. The average of three serial MUCP measurements was used for analysis. Measurements were categorized into the following mechanistic domains: urethral function (MUCP), urethral support (POP-Q point Aa; urethral axis with a cotton-tipped swab at rest, during strain, and during Kegel augmentation), and intravesical pressure (intravesical pressure at rest and during maximal cough).
To analyze the relationship between BMI and SUI, cases and controls were divided into three BMI groups based on the World Health Organization definitions: normal (18.5-24.9 kg/ m Descriptive statistics including means, standard deviations, and proportions were obtained for the overall sample and for the BMI and incontinence status groups. Simple linear regression models were used to assess group differences between continuous measures and simple binary logistic regression models were used to assess group differences between binary measures. The outcome of incontinence status was further modeled by multivariable binary logistic regression stratified by BMI group. Standardized variables were used in these models and were created by converting the original measure to a z-score.
Path models from the structural equation modeling (SEM) framework were then used to test the relationships between BMI and incontinence while accounting for the effects of other plausibly significant variables including maximal cough pressure, MUCP, and POP-Q point Aa. Path analysis is a statistical technique used to analyze a set of simultaneous regression models. Path models investigate whether the effect of one variable on the outcome of interest (e.g. the effect of BMI on SUI) is mediated by one or more variables (e.g. increased BMI causes SUI because it increases maximal cough pressure, weakens urethral function, and/or compromises urethrovaginal support). The latter are termed Bmediating variables.^Correlations between a predictor and an outcome can be analyzed in a way that distinguishes between direct effects and indirect effects within the path analysis framework. A direct effect is the effect of one variable directly on another. An indirect effect is the change in a mediating variable as a result of its association with a predictor variable that, in turn, produces a change in the outcome of interest. Unstandardized beta coefficients are presented and all continuous variables were converted to z-scores for the presented path models, which yield coefficient interpretations that mirror those from a regression analysis with standardized variables. BMI was measured continuously rather than categorically in the presented path models to provide more statistical power and a clearer presentation of hypotheses.
Path models with binary outcomes were fit as probit regressions using the weighted least squared (WLSMV) estimator in Mplus, version 6.1 (Muthén & Muthén, Los Angeles, CA) All other statistical analyses were conducted using Stata, release 14 (StataCorp LP, College Station, TX) and p values less than 0.05 were considered statistically significant. In comparing obese women with stress incontinence (n = 45) and women with normal weight with stress incontinence (n = 26), there was an 80% statistical power to detect effects considered practically important and moderately large when assuming an alpha of 0.05, a two-tailed independent sample t-test between the two groups, and an effect size of 0.7 (nQuery Advisor + nTerim 4; Statistical Solutions, Boston, MA).
Results
A total of 211 women were included in the analysis (108 continent controls and 103 women with SUI; Table 1 ). There were no differences between these groups in terms of age, race, vaginal parity, or comorbidities including hypertension, diabetes, chronic lung disease and heart disease. There were also no differences in these variables across BMI groups. Women with SUI had a slightly higher prevalence of arthritis or rheumatism than continent controls. Table 2 shows the clinical examination and urodynamic variables in controls and women with SUI and also in relation to BMI. As previously reported, compared to continent controls, women with SUI had lower MUCP, less urethrovaginal support as measured by POP-Q point Aa and the cotton-tipped swab test at rest and during Kegel augmentation, and higher intravesical pressure with maximal cough. Resting bladder pressures were similar in the two groups.
Continent controls were found to have similar urethral function (MUCP) and POP-Q point Aa across BMI groups; however, urethral axis at rest and during Kegel augmentation increased with BMI. Finally, increasing BMI was associated with greater demand on the continence system as measured by intravesical pressure at rest and with maximal cough. Among the women with SUI, the same significant differences were observed, except urethral axis during Kegel augmentation that was not significantly different across BMI groups. Figure 1 shows LPPs in relation to BMI in women with SUI. As BMI increased, so did the average cough LPP. Pair-wise analysis showed that cough LPP was significantly greater in the obese group than in the normal weight group (167.5 vs. 129.6 cm H 2 O, p = 0.001) and the overweight group (167.5 vs. 138.5 cm H 2 O, p = 0.008). Similar results were found for Valsalva LPPs (data not shown).
Logistic regression models were used to identify factors independently associated with SUI in each of the three BMI groups (Table 3) . Increasing MUCP was associated with decreasing odds of SUI, and in all groups MUCP was the factor most highly associated with SUI. In the normal BMI group, increasing age was associated with decreasing odds of SUI, and increasing point Aa value (indicating less urethrovaginal support) was associated with increasing odds of SUI. Maximal cough pressure was not predictive of SUI in this group. In the overweight group, increasing age was also associated with decreasing odds of SUI. Both the location of point Aa and intravesical pressure during maximal cough approached, but did not reach, significance. Finally, among obese women, maximal cough pressure and decreasing urethrovaginal support (point Aa) were predictive of SUI, but age was not significantly associated. To summarize, the factors predictive of SUI differed depending on patient BMI. Maximal cough pressure was significantly associated with SUI in obese women, but not in normal weight or overweight women. Furthermore, the association between MUCP and SUI was strongest in women with normal weight.
Path models from the SEM framework were created to test the null hypotheses concerning the mechanisms by which higher BMI may increase the occurrence of SUI (Figs. 2 and 3). Figure 2 shows the analysis of hypothesis 1, which states that increases in BMI are associated with SUI due to increased demand on the continence system. In the context of the path model where all relationships are tested simultaneously, the direct relationship between BMI and maximal cough pressure (Fig. 2 a) and the relationship between maximal cough pressure and SUI (Fig. 2 b) were both positive and statistically significant. The direct relationship between BMI and SUI was positive and approached statistical significance (p = 0.053). The indirect effect of BMI on SUI through maximal cough (Fig. 2 a and b) was positive and statistically significant (p = 0.038). This indicates that as BMI increases, maximal cough pressure also increases, which, in turn, increases the occurrence of SUI. This model provides support for the hypothesis that increases in BMI influence SUI by increasing demand on the continence system. Note that this model has zero degrees of freedom, which renders fit indices uninformative. Figure 3 shows the analysis of hypothesis 2 illustrating the relationships among the continence mechanism factors of urethrovaginal support (point Aa) and urethral function (MUCP) as they relate to the occurrence of SUI. While MUCP (Fig. 3 e) , point Aa (Fig. 3 h) , and BMI were each significantly and positively associated with SUI, BMI was not associated with either MUCP (Fig. 3 d) or point Aa (Fig. 3 g ) in the context of the path model. Further, the indirect effects of BMI on SUI through either MUCP or point Aa were not statistically significant (p = 0.243 and p = 0.410, respectively), indicating that the data do not fully support the hypothesized model even though acceptable model fit statistics were obtained.
Similar results were found in the incontinent group when evaluating the degree to which LPP is predicted by the Including coronary artery disease, congestive heart failure, prior myocardial infarction, and angina 
Discussion
In this secondary analysis of a case-control study, we quantified the effect of BMI on the three components of the continence mechanism. We found that in obese women the primary cause of SUI is higher cough pressure which places increased demand on the continence system rather than changes in urethral function or urethrovaginal support. Our findings show that obese women have higher resting intravesical pressure and also generate more pressure during maximal cough than women with BMI in the normal or overweight ranges. Our results support the theory that this increased load on the continence mechanism overrides the urethral closure pressure and causes leakage. Therefore, even in the presence of a normally Approaching statistical significance supported and normally functioning urethra, it is the sheer amount of intraabdominal pressure generated in obese women that leads to SUI. These results confirm those of Richter et al. who analyzed urodynamic parameters in normal, overweight, and obese women undergoing surgery for SUI [10] . They found that obese women have higher Valsalva LPPs, as well as higher intravesical and intraabdominal pressures at rest. Our results extend those reported previously by showing that reduced urethral pressure-the dominant cause of SUI-may not be primarily responsible for the increased incontinence observed in obese women. Among women with SUI, those who were obese had similar MUCPs to those who were of normal weight or overweight, which further supports the view that obesity may not impair urethral function. According to our results, excess weight can be seen as a reversible Bload^on the continence mechanism. This helps explain why weight loss, either medical or surgical, improves SUI symptoms in overweight and obese women [7, 8, [11] [12] [13] . In a study of overweight and obese incontinent women undergoing a 3-month medical weight loss intervention, Subak et al. found that weight loss and intravesical pressure at maximal capacity are significantly correlated [14] . Bump women who had undergone surgical weight loss [15] . In both of these studies, weight loss was also associated with a significant reduction in urinary incontinence symptoms. The synthetic midurethral sling is considered the gold standard for surgical management of SUI. While some studies have shown a significantly lower success rate following surgical management of stress incontinence [16] , overall the safety and success of the synthetic midurethral sling in obese women is well established [17] [18] [19] . In a meta-analysis on surgical treatment of pelvic floor disorders and obesity, Greer et al. found a statistically significant 4% lower cure rate in obese than in non-obese women following placement of a tension-free vaginal tape. However, the overall cure rate among obese women was still high at 81% [17] . A more recent systematic review has also shown a 4% lower objective cure rate among obese than non-obese women following placement of a synthetic midurethral sling; however, this difference was not statistically significant (79.2% vs. 83.3%, p = 0.56) [18] . In both studies, bladder perforation rates were lower in obese women. Therefore, while weight loss may be a reasonable first approach to medical management of SUI symptoms in obese women, current evidence shows that the synthetic midurethral sling is also a safe and effective treatment in this population.
The strengths of this study include having a control group of asymptomatic women who were of similar age, race and parity, and the use of a standardized and comprehensive clinical evaluation that assessed each aspect of the continence mechanism in several ways. Only women with predominant SUI symptoms (and no other urogynecologic complaints) were included, which limited confounding factors. Our study was also strengthened by our statistical methodology and the use of path models from the SEM framework, which allowed us to analyze complex relationships among multiple variables simultaneously and test for both direct and indirect effects. Because this was a secondary analysis, our data were limited to those originally collected for the primary study. Therefore, the results of our regression analyses are less stable than they would have been with a larger sample size, and we were unable to control for confounding factors, such as socioeconomic status and depression, that could have affected the prevalence of SUI [20, 21] . Some urodynamic parameters, such as LPP, may be more dependent than others on the examiner's technique, and therefore may show a larger margin of error. However, the urodynamics in this study were all performed by experienced nurses, which limited the influence of technical variability. Furthermore, obesity is a complex disease that affects multiple organ systems. It is not possible for any single study to address all potentially associated factors (e.g. metabolic, neurologic, psychologic, etc.). However, this study provides important new information regarding the association between obesity and pelvic floor factors specific to urinary continence.
In conclusion, our results support the hypothesis that obese women have a higher prevalence of SUI because they generate higher intravesical pressures, thus placing more demand on the continence mechanism. Because it does not appear that obesity damages the continence mechanism directly, it seems clinically rational for weight loss to be recommended as an initial treatment for SUI in obese women.
